a2 United States Patent

Schwartz et al.

US009304147B2

US 9,304,147 B2
Apr. §5,2016

(10) Patent No.:
(45) Date of Patent:

(54)

(71)

(72)

(73)

")

@

(22)

(65)

(63)

(60)

(1)

(52)

HIGH CURRENT KELVIN CONNECTION
AND VERIFICATION METHOD

Applicant: Integrated Technology Corporation,

Tempe, AZ (US)

Inventors: Reodney Schwartz, Austin, TX (US);
Gary Rogers, Mesa, AZ (US); Steven

Clauter, Goodyear, AZ (US)

(58) Field of Classification Search
CPC ... GOIR 31/20; GOIR 27/2605; GO1R 27/205
USPC ......... 324/702-713, 600, 546, 505, 547, 726,
324/127
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

. . 4,173,735 A 11/1979 Merchant
Assignee: Integrated Technology Corporation, 4342957 A 8/1982 Russell
Tempe, AZ (US) 4864285 A 9/1989 Rodden
5,856,736 A 1/1999 Rotunda et al.
Notice:  Subject to any disclaimer, the term of this 5,886,530 A *  3/1999 Fasnachtetal. ... 324/611
5,999,002 A 12/1999 Fasnacht et al.

patent is extended or adjusted under 35
U.S.C. 154(b) by 11 days.

Appl. No.: 14/317,499

Filed: Jun. 27,2014

Prior Publication Data
Dec. 4,2014
Related U.S. Application Data

US 2014/0354319 Al

7,521,947 B2 4/2009 Rogers et al.
2012/0325683 Al  12/2012 Milgrew

OTHER PUBLICATIONS
Co-pending U.S. Appl. No. 13/090,771, filed Apr. 20, 2011.
* cited by examiner

Primary Examiner — Melissa Koval
Assistant Examiner — Trung Nguyen
(74) Attorney, Agent, or Firm — Renner, Otto, Boisselle &

Continuation-in-part of application No. 13/090,771, Sklar. LLP

filed on Apr. 20, 2011, now abandoned.
Provisional application No. 61/355,804, filed on Jun.

(57) ABSTRACT

17, 2010. A method and circuit for implementing high current capabil-
ity Kelvin connections and measuring the resistance of the
Int. Cl. contacts and connections to verify that the conducting path is
GOIR 31720 (2006.01) capable of carrying the high current without damage or
GOIR 1/067 (2006.01) degraded performance. Included as well is the means and
GOIR 27/20 (2006.01) circuit for efficiently dividing a high current test stimulus
U.S. CL current into 2 paths with low losses and voltage drops.
CPC ......... GOIR 1/06794 (2013.01); GOIR 27/205
(2013.01) 22 Claims, 12 Drawing Sheets
FROM TEST DRIVE
CIRCUITRY
DC-DC
CONVERTER_/.QQ e\
150+, > FORCE
V- 7
#Z . X T0
X 3 6 KELVIN
CONTACTS
GNDf2 s = > 1 =
VCC T™ 6N139 \ = I
20 = -
. 1 > SENSE
KELVIN
VERIFICATION
SIGNAL
TO SENSING

CIRCUITRY



U.S. Patent Apr. 5, 2016 Sheet 1 of 12 US 9,304,147 B2

FORCE
FROM TEST DRIVE 10
CIRCUITRY —>T0 TEST CONTACT
POINTS
—>T0 TEST CONTACT
sensg TOINTS
12

\

TO SENSING
CIRCUITRY

FIG. 1



US 9,304,147 B2

Sheet 2 of 12

Apr. 5, 2016

U.S. Patent

AMLINDYID
oz_wv_.mw ol ez ‘9|
TWNOIS
NOILYOIIYIA
NIATIM
N = \
ISNIS < ' Ao Su— N
= 02
I % \ 6eINg L _ mmw
SLOVINOO [ § i ¢
NIATIN 5 Nv . 2
ol o~ % 7 _
] < L =N 0S|
g ] ¥ 5+aN9'0S|
I0H04 €< AN— +N 0S|
2 22~ ¥3183AN0D
2a-00
L AMLINDYID
IAINA 1S31 WO




US 9,304,147 B2

Sheet 3 of 12

Apr. 5,2016

U.S. Patent

SNINNILS 1S3L
INIHINO HOMH

30010 NIAT3N
<
TYNOIS <d
NOILYOIdIY3A
NIATI
2 JOH04 << t T e
= _ e w zﬁ\ |
T |2 N 66INg IR e
~L- + aNS
SLOVINOD [ g P H ‘
NIATIM 9 Nvm X
R N ) 1
7 z ="\ OS|
) ) ﬂﬁ 5] *AN90S|
EN N 7| Os!
R 22~ 3L43N0D
90-20
3001a NIAT3N
<
1a



US 9,304,147 B2

Sheet 4 of 12

Apr. 5, 2016

U.S. Patent

AV13d
EOZQ
JNOA
. SSVd NIATIM
B¢ ‘0| N\
/ | JOVITOA LIAIT
1S31 NIAT3N
05 W o
~ mm/yﬁ *
JEEEEN)
ye A diNY _
._.o,thﬂoo. = m = SA/dAIN-X ¥344ng JOVLIOA LINN
¢l 9\/‘@@ W% = 1S3LNIATAN ©7) HOLYHVdNOD
1OVINOD NIATIN 3l |6 o A
z_>dvfm HOVI NI SMOT4 L €
LNIHHNO SNINWILS 53 >
4 15831 2/} A110VX3 de HW wz [TCI Z31vo
Sﬁzoo.ﬁA v
2 2B \/ S 4L | | 3LV9
20 1O
RIS — S - -
Z31v9 | 31V9
9¢ 8y 0=1
1NdNI INIHHND o
SNINIILS 1531 A A



US 9,304,147 B2

Sheet 5 of 12

Apr. 5, 2016

U.S. Patent

aye
v#
Bﬁzoo.%
71 8 7
W0r—, ._.M W._.m <y
Nz_zmme — ||t 2y
BT z T
¢ # 1 W W._.m a9y
LOVINOO IS 577 e T
or—" ._..
]
mej
1
ByE é
¢# AN\H S L,
LOVINOD i 3 5 9%
B0 —~—y HM Whm JEPY im
m L) [
INIAT Ll A 3 e INZHHND
9 ¢ “TIA SNINIILS 1S3L
L # L3 1€ pdy
LOVINOD i 5o T
eze No__m _om__
ZEND) ENG) :
Sob q¢ Ol4
M A+



U.S. Patent Apr. 5, 2016 Sheet 6 of 12 US 9,304,147 B2

V-R1 VS R-Kehdin

with 1:1 and 3.1 Turns Ratlios

5

5
8 ? ——V-R1 11
E .
c 3 e VR 31
¥ o2
> M

1 R S

0 ; . :

0 10 20 30 40 50 60

R-Kehvn inohms

FIG. 3c




US 9,304,147 B2

Sheet 7 of 12

Apr. 5, 2016

U.S. Patent

1y
(— %f x NA_az\ 995 = NIATIAY
v Ol4 INOISSTHXT TYOILYWIHLYIN
AY13Q
LHOHS
ALON
1y
sos J9VLTOA LINI
LOVINOD NIAT3IXY HOV4 12=1+1 =Y°°N 1S31L NIATIM
NI SMOT4 INIHHND
SNTNWILS 1531 Z/1 19 = Hdy onl
149 ~
1y JaV 4O HOLVHEVAWOD
c# = +ep
LoviNoo kL& - : 39VL10A OL
30404 0~ Hw
; Z
NIATIM, M 7 19 _—ih
P wm\‘ 9 ._.M ° F 1N
LOVINOD $&——< s
30404 me 9N T g ouw mv\\
I SNYNL : 1NdNI
P 0Ll A 1831 NIA13N
B9g—"L_
o€
1NdNI LNIHHND
SNINIILS LS3L



US 9,304,147 B2

Sheet 8 of 12

Apr. 5, 2016

U.S. Patent

Y
(- +|»v£ + g/ = NINTBy
. Y
G Ol (1= 7007 Z1008/(166+1) = NATDhy
¥
AMLINDHIO (1— M+ 5(H0Ny O%8N) = NINTDhy
oz_wumm oL 'SNOISSTFYdXT TWOILYWIHLYIW
20V H0 AY13d
Y HOLVHVANOD  [MoHS
JOVII0A OL 310N
73 = 14, /
LOVINOO L (& -
3SNS I00ML - gp—_ 166 JOVLIOA LIAIT
T i — 1S3L NI
, e/ | °
LOVINOOLe & G
30804 [~ § 5 LNdN
2 T001/66 '€ OlLVY ol 1S3L NIATN
I SNHNL 8
0zL +A 0=}
s
9€
LNdNI LNIJHND
SNINWILS LS3L



US 9,304,147 B2

Sheet 9 of 12

Apr. 5, 2016

U.S. Patent

A, dy 988y - NIATTN € 9 Ol
(= s 20N PN) = ¥+ oy
AYLINOHID
ONISNIS OL LAdINO
A 1531 NIAT3IN N
AV HO HOLVHYAWOD
JOVLI0AOL 1, <
1OVINOO Lo N -
ISN3S
ﬁm 8~ 1
NIATIN :
d Lz=1+1=" L
Al
LOVINOD < % :
= g
30804 me : N 7 ooy jg-Hdy —
I SNYNL gy LNdNI
071 1S3L NIAT3N
29—
/N
o¢
LNdNI INFHENO
SNTNINILS 1S3L



US 9,304,147 B2

Sheet 10 of 12

Apr. 5,2016

U.S. Patent

Y
J 94 (- +|»:m*mﬁ_az\8wzvuz_zmxToEom
INOISSIMdXT T¥IILYWIHLYI
0QV O Nm
HOLVEVANOD |y
V0N OL "IN ININO 1Y
1S3 NIATIM
AYLINDHID
ONISN3S OL P
\W Z k_v_ ]
LOVINOD [ l /\
ASN3S / 3 ¥
ve / 108
NIATIM,, A /«U%ZM w_azﬁ
In
LOVINOD 0¢l /_
30404 T~ § <3 ] —
& o INaNi
I 1S3L NIATIN
B¢
9¢
LNdNI INTHHND
SNINIILS 1S3L



US 9,304,147 B2

Sheet 11 of 12

Apr. 5, 2016

U.S. Patent

COMMON BUS

e

1NdNI INFHHND

Qwo,
WA A
v # FNIATIN b/ T 8
LOVINOO d 07, L
]
98—t
gmm ._.w
C# mz_z\@mxm <7 G ¢l
LOVINOD
HN\H 8
0t~ :
]
gc—¢ 9 M 3
AN\H G 0Ozl
m\.vm
AN
C# INIAT,, AE 8
LOVINOD ol 1 A
mwmz\.. L I
mmm & 1 B9E—A
. ; 0¢
| # Fz_,\@mxm_ AiH § 7l
1OVINOD

SNTNWILS 1531

8 'Ol

——— 1M,

\

g LNdNI
1S3L NIATIN



US 9,304,147 B2

Sheet 12 of 12

Apr. 5, 2016

U.S. Patent

e % “
LOVINOD i

INIATIA M

I
bdp

ls A

6 Ol

i
LOVINOD <73 P W
~N, 1
NIk e
¢ # k& L W
LOVINOD <3 g
eve

ece
| #

LovINOD I

_ AS 8
o~ 1

Ji

815
1

G

_ A

7
1 oo
L 9

INFHHND
SNINAILS 1531
_wﬂ\ LNdN|
1S3L NIATI



US 9,304,147 B2

1
HIGH CURRENT KELVIN CONNECTION
AND VERIFICATION METHOD

RELATED APPLICATION DATA

This application is a continuation-in-part of U.S. applica-
tion Ser. No. 13/090,771 filed on Apr. 20, 2011, which claims
the benefit of U.S. Application No. 61/355,804 filed on Jun.
17, 2010, each of which is hereby incorporated by reference
in its entirety.

TECHNICAL FIELD OF THE INVENTION

The present invention relates generally to testing of inte-
grated circuits and power semiconductor devices, and more
particularly, to a method and apparatus for implementing
Kelvin connections with verification and contact resistance
testing capability that is especially useful for high current
applications. In addition, these techniques are scalable to
more than two Kelvin connections.

DESCRIPTION OF THE RELATED ART

Precision measurement circuits often make use of Kelvin
connections (see, e.g., FIG. 1) to provide accurate measure-
ments by removing the effect of contact resistance in series
with the measurement stimuli. A force lead connection 10 is
typically used to supply the stimuli, and a sense lead 12,
which is simply a connection that carries no current, is used to
make the measurement. Because the sense lead 12 carries no,
or negligible current, the effect of voltage drop in the contacts
and leads is eliminated. In a typical test application, dual
contacts are made to each lead of the device under test. For
integrated circuit chip packages and power semiconductor
devices this is often done with a socket configuration having
two separate spring contacts to each lead of the device. The
force lead is typically connected to one contact and the sense
lead to the other.

Testing to verify that the Kelvin connection is properly
made confirms both leads are making proper contact. In other
types of high current testing, both leads may be used as
parallel paths for lower resistance and higher current carrying
capacity. In this case, testing the “Kelvin connection” verifies
that both leads 10, 12 are properly connected to the test point
s0 both leads can pass high currents and share the load.

In testing of high current devices, a means is used to deter-
mine the integrity of the test connections with the device
terminals to insure the leads actually are making contact and
that the quality of the contact is satisfactory. Connections that
have high resistance may cause inaccurate tests, or may dam-
age test contacts. In some situations, high currents are passed
to the device under test, while simultaneously, high voltages
may be present. The circuitry for determining proper connec-
tion integrity must then also be able to withstand the presence
of'these high voltages during the course of the test. Typically,
measurement circuits that can withstand high voltages are
high impedance. However, testing for low values of contact
resistance generally requires substantial measurement cur-
rents, which requires low impedance circuits to avoid dissi-
pating unacceptable amounts of power which would affect
measurements.

In some high current testing applications a Force/Sense
Kelvin measurement is not required but a modified dual con-
tact system is used to provide parallel high current paths. In
this case, there are two Force contacts and the contact resis-
tance of both connections of the contact pair is important
because both are passing high current. Splitting the current
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2

into two parallel paths has other beneficial effects such as
lowering the overall path inductance and resistance. In these
cases the current handling capability of individual contacts,
such as socket contacts or handler contacts, may not be suf-
ficient to handle the full current required for testing. Adding
parallel contacts provides additional current handling capa-
bility and reduces stress on the test fixtures. The problem with
this approach is that it is difficult to efficiently divide the high
current test stimulus in two different paths. Additionally,
existing test circuits for verifying the contact integrity are not
optimal. The requirement for very low contact resistance in
high current paths makes it difficult to verify using existing
methods.

Existing test circuits for verification of Kelvin contacts
typically use active circuitry which floats with the measure-
ment leads to verify the contact resistance. An example of this
type circuitry using optical couplers 20 is shown in FIGS. 2a
and 2b. These circuits use a significant number of compo-
nents and have the disadvantage of requiring a floating power
circuit 22, which may have significant capacitance to ground.
The circuit is also hard programmed to detect a certain level
of contact resistance to determine a failure.

Another example of a circuit designed to verify the quality
of'the Kelvin contact connections is incorporated in U.S. Pat.
No. 5,999,002, Fasnacht et al, which is a continuation in part
of U.S. Pat. No. 5,886,530. This circuit attempts to use a
transformer to isolate the Kelvin contact resistance measure-
ment from the test stimuli. The technique taught in U.S. Pat.
No. 5,999,002 employs a simple single voltage pulse applied
to the primary of the transformer that is affected by the sec-
ondary resistance of the transformer including the contact
resistance between the force and sense leads. The secondary
of the transformer is capacitively coupled to the force and
sense contacts to isolate the circuit from the measurement
stimuli. Although difficult to follow, the techniques disclosed
in U.S. Pat. No. 5,999,002 may have theoretically useful
properties but this reference basically provides an indication
of continuity and not a measurement of resistance in ohms.

As best understood, the technique taught in U.S. Pat. No.
5,999,002, from a practical standpoint, has several problems.
First, the secondary of the transformer must be capacitively
coupled to the Kelvin contacts to isolate the secondary from
the measurement circuit. This creates capacitive loading on
the measurement signals, which could degrade the quality of
any dynamic measurements. Second, the resistance error
threshold of any practical version of the circuit is quite high in
comparison to the desired low resistance path of a high cur-
rent Kelvin connection. In addition, the error threshold is
fixed by component values and cannot be programmed or
otherwise readily changed to different levels.

The nature of the circuit used in U.S. Pat. No. 5,999,002
seriously limits the sensitivity of the resistance test, so it is
difficult, if not impossible, to set tight limits on the contact
resistance. In high current testing this can be a very significant
problem. Since the circuit uses only a logic level threshold
that is compared to the transformer’s primary voltage to
determine if the contact is good or bad, it does not provide any
quantitative measurement of the actual level of the contact
resistance. The contact resistance measurement may be
extremely important and the actual requirements may vary
with different levels of current required for testing different
types of devices due to heating and over the lifetime of the
contacts. In addition, the measurement current used to deter-
mine the contact resistance is not well understood, or predict-
able, since all that is used is the primary voltage level and
current is not a factor. Lastly, as pointed out in U.S. Pat. No.
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5,999,002 there are issues with noise pickup and voltage
spikes that must be filtered out or ignored in some manner.

Accordingly, there is a need in the art for a fast, accurate
method of verifying the contact resistance between the Force
and Sense, or two Force leads of a Kelvin connection. The
method should be sensitive and accurate enough to discrimi-
nate very low resistance values to ensure the connection can
pass very high currents, including the case where two parallel
forcing leads are used to increase current capability. The
method should also be able to provide measurement capabil-
ity to determine the actual resistance value, not just a com-
parison to limit in order to accommodate the wide range of
possible requirements in a single test station. Measurements
should be performed as quickly as possible, especially if there
are more than two contacts without the interference of noise
or voltages that must be filtered out. The measurement current
used should be well defined and predictable. Finally, the
method should provide the best means to manage a high
current test stimulus that must be divided into two separate
Force paths with minimal losses and yet be able to verify the
contact resistance at the Kelvin connection.

SUMMARY

Accordingly, a method and system in accordance with the
present invention enables integrity verification of Kelvin con-
nections to an integrated circuit, power semiconductor device
or other electronic assembly with speed and repeatability.
Additionally, a method and system in accordance with the
present invention enable measurement of the actual contact
resistance of a Kelvin connection with a predetermined mea-
surement current. Further, a method and system in accor-
dance with the present invention enable integrity verification
of Kelvin connections in the presence of high voltages. Also,
amethod and system in accordance with the present invention
provide a simple method of utilizing the same connections to
Kelvin connected leads that may be used to provide two
parallel high current paths to a test point. The integrity veri-
fication of such connection can be scaled and expanded to a
plurality of connections. In addition, little or no power is
dissipated until the resistance measurement is performed.
Finally, it is important to note this method and system utilize
a predetermined measurement current while performing the
actual resistance measurement of the Kelvin connection.

According to one aspect of the invention, a device for
measuring impedance of a Kelvin connection to a circuit of
interest and for injecting a test stimulus into the circuit of
interest includes: a first transformer having a primary wind-
ing and a secondary winding; a first input device for receiving
a Kelvin test input waveform, the first input device electri-
cally coupled to the primary winding; first and second test
leads for connection to the circuit of interest, the first and
second test leads electrically connected to first and second
ends, respectively, of the secondary winding; a sensing device
electrically coupled to the primary winding, the sensing
device operative to provide a measurement corresponding to
a contact impedance across at least one of the first and second
test leads based on impedance reflected from the secondary
winding to the primary winding in response to application of
the Kelvin test input waveform to the first input device.

According to one aspect of the invention, the device
includes a second input device for receiving the test stimulus,
the second input device electrically coupled to the secondary
winding.

According to one aspect of the invention, the secondary
winding comprises a first winding part and a second winding
part, one end of the first winding part connected to one end of
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the second winding part via a center tap, and wherein the
second input device is electrically connected to the center tap.

According to one aspect of the invention, a turns ratio of the
first winding part is equal to a turns ratio of the second
winding part.

According to one aspect of the invention, a turns ratio of the
first winding part is different from a turns ratio of the second
winding part.

According to one aspect of the invention, the sensing
device comprises a resistor connected to the primary winding.

According to one aspect of the invention, the first input
device comprises a driver amplifier electrically connected to
one end of the primary winding.

According to one aspect of the invention, the first input
device comprises a switching device electrically connected to
one end of the primary winding.

According to one aspect of the invention, the first input
device comprises a switching device configured to selectively
couple a first and second end of the primary winding to the
Kelvin test input waveform.

According to one aspect of the invention, the device
includes a waveform generator for generating the Kelvin test
input waveform, the waveform generator operatively coupled
to the first input device.

According to one aspect of the invention, the waveform
generator is configured to generate two alternating wave-
forms out of phase from one another, and the first input device
provides one of the two alternating waveforms to a first end of
the primary winding, and the other of the two alternating
waveforms to a second end of the primary winding.

According to one aspect of the invention, the device
includes a resistor electrically connected in series between
the secondary winding and one of the first or second test
leads.

According to one aspect of the invention, the device
includes a switching device having a switch portion and an
enable portion for controlling a state of the switch portion, the
switch portion being electrically connected in series between
the secondary winding and one of the first or second test leads
to selectively couple the secondary winding to the one of the
first or second test leads, and the enable portion being elec-
trically connected to an input of the first input device to
control the state of the switch portion.

According to one aspect of the invention, the device
includes a second transformer and a third transformer, the
second and third transformers each including a secondary
winding with a center tap, wherein the center tap of the second
transformer is electrically connected to one end of secondary
winding of the first transformer and the center tap of the third
transformer is electrically connected to the other end of the
secondary winding of the first transformer.

According to one aspect of the invention, the device
includes: a third test lead and a fourth test lead for connection
to the circuit of interest; and a second transformer and a third
transformer, the first, second and third transformers each
including a center tap in the secondary winding, wherein the
center tap of the first transformer is electrically connected to
one end of the secondary winding of the second transformer,
the center tap of the third transformer is electrically con-
nected to the other end of the secondary winding of the second
transformer, a primary winding of the first transformer is
electrically connected to a primary winding of the third trans-
former, and the third and fourth test leads are electrically
connected to first and second ends, respectively, of the sec-
ondary winding of the third transformer.

According to one aspect of the invention, the device
includes a comparator operatively coupled to the sensing
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device, the comparator configured generate a signal indica-
tive of the measured impedance being at least one of above or
below a predetermined threshold.

According to one aspect of the invention, a method for
measuring contact impedance of a Kelvin connection using at
least one transformer having a primary winding and a sec-
ondary winding is provided. The method includes: connect-
ing each end of the secondary winding to a respective contact
of a contact pair for which the impedance is to be measured;
applying a waveform to the primary winding; sensing an
impedance reflected from the secondary winding to the pri-
mary winding in response to the applied waveform; and cor-
relating the reflected impedance to the contact impedance.

According to one aspect of the invention, sensing an
impedance includes sensing flow of current in the primary
winding in response to the applied waveform.

According to one aspect of the invention, the method
includes: comparing the sensed current flow to a predeter-
mined value; and concluding the resistance of the contact pair
is acceptable or unacceptable based on the comparison.

According to one aspect of the invention, sensing the
reflected impedance includes sensing current flowing from a
center tap of the primary winding in response to the applied
waveform.

According to one aspect of the invention, applying a wave-
form includes applying a first alternating waveform to a first
end of the primary winding, and a second alternating wave-
form to a second end of the primary winding.

According to one aspect of the invention, applying a wave-
form includes applying a single square-wave pulse to a first
end of the primary winding, and sensing the reflected imped-
ance includes sensing current flowing from a second end of
the primary winding.

According to one aspect of the invention, the second wave-
form is out of phase from first waveform.

According to one aspect of the invention, a method of
detecting a resistance imbalance between two connections to
a circuit of interest is provided. The method includes: cou-
pling a secondary winding of a transformer to the circuit of
interest; injecting a test stimulus current at a center tap of the
secondary winding; concluding there is a resistance imbal-
ance between the two connections when a voltage across a
primary winding of the transformer exceeds a predetermined
voltage.

These and further features of the present invention will be
apparent with reference to the following description and
attached drawings. In the description and drawings, particular
embodiments of the invention have been disclosed in detail as
being indicative of some of the ways in which the principles
of'the invention may be employed, but it is understood that the
invention is not limited correspondingly in scope. Rather, the
invention includes all changes, modifications and equivalents
coming within the scope of the claims appended hereto.

Features that are described and/or illustrated with respect
to one embodiment may be used in the same way or in a
similar way in one or more other embodiments and/or in
combination with or instead of the features of the other
embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a conventional Kelvin
connected measurement circuit.

FIG. 2a is a schematic diagram of a typical conventional
Kelvin verification circuit with separate Force and Sense
Kelvin connections.
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FIG. 254 is a schematic diagram of a conventional Kelvin
verification circuit with two parallel high current, or Force,
Kelvin connections from a single high current test stimulus.
Therefore, two Kelvin diodes are utilized to isolate the Force
connections for Kelvin verification.

FIG. 3a is a schematic diagram of an exemplary high
current Kelvin verification circuit in accordance with the
present invention and showing a Test Stimulus being divided
into two parallel force paths without any Kelvin diodes uti-
lizing a single transformer.

FIG. 3b is a schematic diagram of showing how the cir-
cuitry in FIG. 3a can be expanded to a plurality of contacts
which are driven in parallel.

FIG. 3¢ is a graph illustrating an exemplary representation
of R, ;. Vs V1L

FIG. 4 is a schematic diagram on another exemplary high
current Kelvin verification circuit showing a simplified drive
configuration which utilizes a single pulse to verify the
Kelvin connection of two high current, and balanced, paths in
accordance with the present invention.

FIG. 5 is a schematic diagram of yet another exemplary
Kevin verification circuit between Force and Sense contacts
in accordance with the present invention. Different turns
ratios on the secondaries of the transformer divide the Test
Stimulus Current whereby essentially all current flows in the
Force contact but still provides a Sense contact for voltage
measurement.

FIG. 6 is a schematic diagram of yet another exemplary
Kelvin verification circuit between Force and Sense contacts
in accordance with the present invention. In this case, the
transformer has the same low number of turns but one sec-
ondary which is connected to the Sense contact has a resistor
in series with the current path to help divert essentially all the
Test Stimulus Current into the Force contact.

FIG. 7 is a schematic diagram of yet another exemplary
Kelvin verification circuit between Force and Sense contacts
utilizing an optically isolated switch in accordance with the
present invention. The optical switch is closed to perform the
Kelvin verification and then opened just before the Test
Stimulus Current is applied. Therefore all of the Test Stimulus
Current flows through the Force connection which allows the
Sense connection to measure voltages accurately

FIG. 8 is a schematic diagram of yet another exemplary
Kelvin verification circuit which can be scaled to a plurality
Force Kelvin connections utilizing a input single transformer
in accordance with the present invention. This results in only
one Kelvin verification measurement to verify all Kelvin
connections using the same current path as the Test Stimulus
Current.

FIG. 9 is a schematic diagram of yet another exemplary
Kelvin verification circuit which can be scaled to a plurality
Force Kelvin connections utilizing transformers driven in
series in accordance with the present invention. This enables
a number of Kelvin contacts to be verified at the same time.

DETAILED DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will now be
described with reference to the drawings, wherein like refer-
ence numerals are used to refer to like elements throughout. It
will be understood that the figures are not necessarily to scale.

A circuit has been developed that provides several advan-
tages over previously employed circuitry. The advantages can
include:

1. relative simplicity

2. high voltage isolation

3. high current capability
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. low voltage and power losses
. high speed measurements

9. adaptable to a plurality of contacts

10. ability to maintain current sharing in contacts

11. low noise measurements
An embodiment of a circuit 30 for high current capability is
shown in FIG. 3a. The circuit is advantageous in that it com-
bines dividing high current into two current paths with Kelvin
contact resistance measurement utilizing only one trans-
former.

Test contact points 32, 34 are contacts that will be connect-
ing to the device under test and the contact resistance of these
connections will be determined via the circuit shown. Note
that Kelvin diodes are not needed since the same transformer,
T1, is also used to divide the Test Stimulus current.

A test stimulus 36 can be injected into the circuit via line
36a, which is electrically connected to a center tap 38 on a
secondary winding 40 of transformer T1. One end of the
secondary winding 40 is electrically connected to first contact
point 32 and another end of the secondary winding 40 is
electrically connected to second contact point 34.

Input drivers, such as transistors Q1 and Q2, provide sig-
nals to respective ends of the primary winding 44 based on a
signal 48 applied to gates of the respective transistors. Addi-
tionally, the primary winding 44 of transformer T1 includes a
center tap 46 connected to signal common through resistor
R1. A buffer amplifier 50 is electrically connected to resistor
R1 to obtain a voltage drop across the resistor R1, and an
output of buffer amplifier 50 is connected to a positive input
of comparator 52 via an RC network formed from resistor R2
and capacitor C1. A negative input to comparator 52 is con-
nected to a Kelvin Test Limit voltage.

During operation, test stimulus 36, such as current stimulus
having a predetermined magnitude, can be provided on line
36a from the high current source that will be used in testing of
the device. As can be seen in FIG. 3a, the test stimulus 36 is
applied to a center tap 38 on a secondary winding 40 of a
transformer T1. This winding is preferably constructed with
heavy gauge wire so that it can pass the high test currents. The
applied test stimulus 36 will then accurately divide (one-half
of the current passing though each contact points) with low
losses and pass on to each of the test contact points 32, 34.
Accordingly, both contact points 32, 34 may be used for
passing currents resulting from the test stimulus 36, which
allows application of approximately twice the test current as
compared to schemes that use conventional Force and Sense
connections for forcing the test stimulus on one line and
sensing of voltage on the other.

The primary winding 44 of the transformer T1 is fed with
alternating pulses of opposite phase via transistors Q1 and Q2
(e.g., switching devices). The return path for the current
through either half of the primary winding 44 is via the center
tap 46 and a current sensing device, such as resistor R1. While
a resistor is shown as a current sensing device, any current to
voltage conversion technique may be utilized without depart-
ing from the scope of the invention.

During the contact measurement operation, driver transis-
tors (not shown) generate alternating pulsed gate waveforms
48 shown in FIG. 3a, which are applied to the gates of Q1 and
Q2, respectively. As Q1 and Q2 alternately conduct V+(e.g.,
5VDC)to the corresponding ends of the primary winding 44,
the resulting alternating voltage applied to the primary wind-
ing appears across the secondary winding 40 in relation to the
turns ratio of the windings. Since higher currents are typically
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applied to measure low values of contact resistance, it is then
advantageous to utilize a higher turns count on the primary
side and a lower turns count on the secondary side. In one
embodiment, the turns ratio is on the order of 3:1, primary to
secondary. This ratio is optimized to suit the expected Kelvin
contact resistance and desired measurement current.

Note that each winding 40 and 44 is symmetrical about the
center tap (which insures that, during testing, the high current
test stimulus will divide evenly, plus the mutual inductance
will cancel the inductance in each of the two secondary high
current paths). The secondary voltage is then applied across
the Kelvin test contacts 32 and 34 and a current will flow in
relation to the applied primary voltage turns ratio (which is
chosen to be compatible with the expected Kelvin contact
resistance range and desired measurement current) and the
actual contact resistance. Due to the coupling between the
primary and secondary windings, a current will flow in the
primary winding 44 of the transformer T1 due to the reflected
secondary impedance. This impedance is the contact resis-
tance that is reflected back to the primary winding in relation
to the turns ratio of the transformer T1, and this impedance
can be determined by the voltage appearing across R1 due to
the resulting primary current. The voltage across R1 can then
be used to calculate the contact resistance of the testing con-
tacts.

Due to the arrangement of the circuitry, gate pulses, and
windings, the voltage appearing at R1 is essentially DC,
referenced to ground, and requires very little additional detec-
tion circuitry or filtering. If the turns ratio, applied voltage,
and value of R1 are properly chosen so as not to saturate the
transformer core, a signal of sufficient amplitude will be
developed and additional amplification of the voltage across
R1 may not be required. The turns ratio, applied voltage, and
value of R1 can be chosen such that the transformer core will
not saturate if the applied primary voltages do not exceed the
Volt-Seconds rating of the transformer core.

The current through R1 increases as the Kelvin resistance
(Rgonin) decreases and thus the voltage across R1 is indica-
tive of the Kelvin resistance. The voltage across R1 (or other
sensing device) can be provided to a buffer amplifier 50 and
then to comparator 52, which can be configured to provide an
output indicative of whether the measured impedance is
acceptable or unacceptable (e.g., above a predetermined
threshold, below a predetermined threshold, etc.).

It is further shown that any variations in the output of the
buffer amplifier 50 can be filtered with R2 and C1. This filter
will add a slight time delay but results in a precise signal level
that can be used by a comparator to determine if the Kelvin
resistance is acceptable. It is noted that this signal level could
also be input to an Analog-to-Digital converter. The actual
Kelvin resistance can then be measured from the digital out-
put of the Analog-to-Digital conversion. As the Kelvin resis-
tance decreases, the voltage V1 increases and, after a time
delay, V2 rises above a Kelvin test limit voltage setpoint
provided to the comparator 52 and a Kelvin PASS signal is
output.

At this point the advantages of using a current technique to
measure Kelvin resistance through the transformer T1 will be
discussed. Namely, the current in the transformer starts at
zero (0) amps and builds up to a maximum value based on the
applied voltage, the value of R1, turns ratio and contact resis-
tance, which is maintained until the transformer saturates.
The Kelvin resistance can be read after a known time delay as
the current rises to its final value. The current rise time is
primarily due to leakage inductance in the transformer T1.
There is also very little noise since the leakage inductance
acts a filter to keep the current signal from picking up high
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frequency noise. The maximum or value of secondary current
used for the resistance measurement is based on the primary
applied voltage divided by the resistor R1 and then multiplied
by the turns ratio. This is expressed as:

Lo = VVRUAN,, /N,,,), in amps

Since higher measurement current enables accurate reading
of low resistances, using the turns ratio of the transformer is a
good method to achieve high measurement currents with low
power dissipation. The basic transformer relationships are:

Z ZSEC:(NP,,-/NSEC)2 or in terms of resistances,

Ry /R o= (Npy/Nege? OF it terms of Ry, and

Rreﬂected

Rreﬂected/Rkelvin:(N pri/Nsec)2

i.e., the impedance ratio is equal to the square of the turns
ratio

Vi =@RU* (V) (R, gfiecteatR1)
Therefore:

Vo =RU* (VY RN/ Neo o *Rieroin)

Solving for the unknown impedance across the contact
points gives:

. (Npri [ Neeo)*

And the final result is the expression to determine R, ,..:
Rictoin=Noae Nord RUN((V*/V,1)-1)

Thus by specifying a suitable measurement current for the
Kelvin contacts 32 and 34, the associated components then
can be determined such that R,,,,,,, can be measured.

During the testing of the device, the pulsing of transistors
Q1 and Q2 may be stopped, and the test stimulus current may
be applied to the center tap 38 of the secondary winding 40.
Since the current flows in opposing directions in each half of
the winding 40, no net flux is produced and no currents will
appear on the primary winding 44. This also cancels out the
inductance of the secondary winding 40 so there is essentially
no net effect of transformer T1 and the test stimulus current is
efficiently divided into two separate current paths with low
losses. In the situation that the currents do not evenly balance
due to unequal contact resistance, currents will be induced in
the primary winding 44. Due to the choice of a relatively
small magnetic core for the transformer T1, the energy that is
coupled through the transformer before the core saturates is
small, and can be easily absorbed by Q1, Q2, small transient
suppressor diodes or Zeners (not shown).

The magnetic core selected for transformer T1, along with
the number of turns on the primary winding are selected such
that saturation of the core does not occur at the switching
frequency chosen for the drive signal to Q1 and Q2 when the
secondary is open circuited. Further, the turns ratio of the
primary to secondary can be optimized to provide maximal
sensitivity to low contact resistances, while minimizing the
power that must be applied to the primary.

In graphical terms, a typical representation of R, ;,,,, vs V1
is illustrated in FIG. 3¢. Note the response is most sensitive at
lower values of R,,,,,,, which is most important for high
current testing since any resistance can cause poor test results
or damage the Device Under Test. Also note the beneficial

10

15

20

25

30

35

40

45

50

55

60

65

10

effect of increasing the Primary-to-Secondary turns ratio of
the transformer T1 results in improving the sensitivity of the
method at low values of R;,,,,,. Low values of R,_,,,, can be
easily, quickly and accurately resolved.

As shown in FIG. 354 this basic technique can be scaled up
to handle more than just one pair of Kelvin contacts while at
the same time utilizing the same transformer and current
paths used by the Test Stimulus Current. More specifically,
FIG. 35 includes the transformer T1 as described with respect
to FIG. 3a and associated circuitry (not shown), as well as two
additional transformers T2 and T3. Instead of the secondary
windings of transformer T1 being coupled to the Kelvin con-
tacts, a first end of secondary winding 40 is connected to a
center tap 38a of transformer T2, and a second end of sec-
ondary winding 40 is connected to a center tap 385 of trans-
former T3. A first end of transformer T2’s secondary winding
40qa is connected to first contact 324, and a second end of
transformer T2’s secondary winding 40« is connected to a
second contact 34a. Similarly, a first end of transformer T3’s
secondary winding 4054 is connected to first contact 325, and
a second end of transformer T3’s secondary winding 405 is
connected to a second contact 345. Primary windings of
transformers T2 and T3 also include a respective center tap
46a and 465 connected to signal common through resistors
R1 and R2, respectively. Transistors Q1 and Q2 provide driv-
ing signals on respective ends of the transformer primary
windings 44a and 44b. The primary winding 44 of trans-
former T1 is connected as shown in FIG. 3a. Further, and
although not shown, a buffer and/or comparator may be
coupled across resistors R1a and R15. In the circuit of FIG.
35, the current in each leg of windings 40a and 405 is halved
such that now one quarter of the current flows through each
test Kelvin contact 32a, 34a, 325 and 345.

Referring now to FIG. 4, a circuit is shown that combines
division of the test stimulus current 36 into two current paths
with Kelvin contact resistance measurement using only a
single transformer. More specifically, the basic Kelvin veri-
fication method has been further simplified to use a single
winding 44' on the primary of the transtormer T10, and to
utilize just one pulse 48'. Like before, the transformer T10 is
chosen to be compatible with the expected Kelvin contact
resistance range and desired measurement current. The single
pulse may be applied to the primary winding 44' via driver U1
(which may be any commercially available Driver Ul) to
enable measurement of R,_,,,,. No filtering of any kind is
needed. The resulting current in the primary of the trans-
former T10 is based on the reflected Kelvin resistance, and is
converted to voltage V, by resistor R1, which can be
sampled after a short delay.

If the voltage V, rises above a Kelvin Test Limit Voltage
provided to the comparator (not shown in FIG. 4), then it can
be concluded that R, ;,,,, is less than the maximum resistance
limit. The only delay in the circuit of FIG. 4 is due to the small
amount of leakage inductance of T10. Further, there is very
little noise or error voltages. A resistance measurement can be
obtained based on the value of V, . For example, V, may be
sampled by an Analog-to-Digital Converter, which can pro-
duce a digital value corresponding to the a resistance mea-
surement in ohms. The circuit of FIG. 4 is advantageous in
that a simple, lower-cost circuit can be used to provide accu-
rate Kelvin measurements.

FIG. 5 illustrates another embodiment of a circuit in accor-
dance with the present invention. The embodiment of FIG. 5
is similar to the embodiment of FIG. 4. However, the basic
Kelvin verification method has been modified for a Force and
Sense Kelvin connections 32 and 34 using a different number
of turns on the two secondary windings of transformer T20.
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The desired effect is to direct 99% (or other predetermined
percentage) of the Test Stimulus Current 36 into the Force
Kelvin contact 32, which then allows the Sense Kelvin con-
tact 34 (which carries very little current) to accurately mea-
sure voltages. Therefore, the Sense Kelvin connection can be
connected to the Sensing Circuitry. Kelvin resistance can be
measured with only a single pulse, and the resulting current in
the primary of transformer T20 is based on the reflected
Kelvinresistance. The primary current is converted to voltage
Vg, by resistor R1.

The primary winding of T20 has been increased to keep the
ratio of the Primary-to-Secondary at 3:1. Increasing the pri-
mary windings is relatively easy since the currents are low
and the primary is low voltage.

Referring now to FIG. 6, the basic Kelvin verification
method has been modified for a Force and Sense Kelvin
connections. The circuit of FIG. 6 combines division of the
test stimulus current into two unequal current paths with total
Kelvin contact resistance measurement (R;+Rg.;,,,) using
only a single transformer. The circuit of FIG. 6 is similar to the
circuit of FIG. 4, except that resistor R3 has been added in the
secondary of T20. The resistor R3 causes an imbalance in the
transformer secondary winding 40 which results in a rise in
flux in the transformer T20. As a result, transformer T20,
which preferably has a relatively small core with a low volt-
seconds product (thus enabling saturation at low currents),
will saturate when the Test Stimulus is first applied to the
center tap 38. When the transformer T20 saturates, due to the
low resistance through the transformer to the force contact 32
essentially all of the test current flows through the Force
Kelvin connection 32. The Sense Kelvin connection 34 to the
device under test will carry little or no current and thus accu-
rately sense voltage.

The point of saturation is determined by the volt-seconds
rating of the transformer T20, which is usually on the order of
50 volt-microseconds. Therefore with a 5 volt drop across the
resistor R3, the other side of the transformer T20 will need to
also generate a 5 volt offset. After just 10 microseconds the
transformer T20 would saturate and essentially all the current
would pass through the Force Kelvin contact 32. The Sense
Kelvin connection 34, which now carries little or no current
(most current passes through the Force Kelvin connection 32
due to it having a significantly lower resistance) will then
sense the voltage accurately. Note the resistor R3 will be
added to the total Kelvin Resistance measurement. As a
result, if R3 is a precision resistor, R,_;,,, can be determined
based on the difference between the measured resistance and
the value of R3. Finally R3 can be used to identify test fixtures
or setups that are subject to being exchanged for different
testing purposes such as with probe cards. The voltage Vi,
across R1 due to a single gate pulse is a factor of the Kelvin
resistance and can be sampled after a short delay.

Referring to FIG. 7, another embodiment of a circuit in
accordance with the present invention is illustrated. The cir-
cuit of FIG. 7 is similar to the circuit of FIG. 4, except that the
transformer T30 has a single-primary and single-secondary
winding, and is only used from measuring the Kelvin resis-
tance by sensing the resulting current that flows in the primary
winding and through R1. Additionally, transformer T30 does
not include a center tap on the secondary winding 40', and an
opto switch 20 is connected in one leg of the secondary
winding 40'. Since the secondary winding does not have a
center tap, the test stimulus current 36 is input directly to the
Force Kelvin contact 32. In FIG. 7 the basic Kelvin verifica-
tion method has been modified to isolate the Force and Sense
Kelvin connections 32 and 34 using the opto-isolator 20. In
this case, the Test Stimulus Current 36 can only flow through
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the Force Kelvin contact 32 when the opto-isolator 20 is
turned OFF. The opto-isolator 20 can be turned ON just
before a Kelvin Resistance measurement is performed. The
opto-isolator 20 then can be turned OFF after the Kelvin test
and before the test stimulus is applied to the Force Kelvin
connection 32. Note the Test Stimulus current 36 does not
flow through the transformer T30 at any time. Again, the
voltage V, across R1 due to a single gate pulse is a factor of
the Kelvin resistance and can be sampled after a short delay.

Referring to FIG. 8, the basic Kelvin verification method as
shown in FIG. 4 is applied to a plurality of Kelvin connections
32a-32d (similar to the configuration shown in FIG. 35).
While the configuration of the primary windings of trans-
formers T2 and T3 is not shown in FIG. 8, it is understood that
the primary windings may be configured as shown in FIG. 35
or as shown in FIG. 9 (discussed below).

In FIG. 8, multiple Kelvin connections are grouped
together and sampled using a single Kelvin test. In this regard,
the Kelvin connections are individually checked for connec-
tion to the common bus.

In operation the Kelvin resistance measurement current is
divided equally by the secondary of each transformer T2 and
T3. As a result, the test stimulus current is applied to all four
Kelvin connections such that each connection carries one-
quarter of the test stimulus current.

The voltage V5, is a measurement of the combination of
series-parallel Kelvin resistance. The circuit of FIG. 8 is
advantageous in that one Kelvin test can quickly determine a)
if any one or more Kelvin Force connections are high resis-
tance and b) verify that the Test Stimulus Current path is
complete.

Moving now to FIG. 9, the basic Kelvin verification
method is applied to a plurality of Kelvin connections
whereby a single Kelvin test can be used to sense if any pair
of Kelvin Force Connections are high resistance. The circuit
of FIG. 9 includes the transformer T1 as described with
respect to FIG. 3a and associated circuitry coupled to the
primary winding (not shown), as well as two additional trans-
formers T2 and T3. Instead of the secondary winding 40 of
transformer T1 being coupled to the Kelvin contacts, a first
end of secondary winding 40 is connected to a center tap 38a
oftransformer T2, and a second end of secondary winding 40
is connected to a center tap 385 of transformer T3. A first end
of transformer T2’s secondary winding 40q is connected to
first Kelvin contact 324, and a second end of transformer T2’s
secondary winding 40q is connected to a second Kelvin con-
tact 34a. Similarly, a first end of transformer T3’s secondary
winding 405 is connected to third Kelvin contact 325, and a
second end of transformer T3’s secondary winding 405 is
connected to a fourth Kelvin contact 345. A driver Ul is
coupledto one end of primary winding 44a of transformer T2,
and the other end or primary winding 44a is connected to one
end of primary winding 445 of transformer T3. The other end
of primary winding 444 is connected to signal common via
resistor R1.

The voltage developed across resistor R1 the result of the
sum of the two Kelvin resistors R,_;,,,,; and R, ;...

The circuit of FIG. 9 is advantageous in that it enables
multiple Kelvin connections to be simultaneously tested dur-
ing a single test. In this regard, one quarter of the stimulus
current applied to the center tap 38 of transformer T1 passes
through each Kelvin contact 324, 34a, 325, and 3454.

Although the invention has been shown and described with
respect to a certain preferred embodiment or embodiments, it
is obvious that equivalent alterations and modifications will
occur to others skilled in the art upon the reading and under-
standing of this specification and the annexed drawings. In
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particular regard to the various functions performed by the
above described elements (components, assemblies, devices,
compositions, etc.), the terms (including a reference to a
“means”) used to describe such elements are intended to
correspond, unless otherwise indicated, to any element which
performs the specified function of the described element (i.e.,
that is functionally equivalent), even though not structurally
equivalent to the disclosed structure which performs the func-
tion in the herein illustrated exemplary embodiment or
embodiments of the invention. In addition, while a particular
feature of the invention may have been described above with
respect to only one or more of several illustrated embodi-
ments, such feature may be combined with one or more other
features of the other embodiments, as may be desired and
advantageous for any given or particular application.

What is claimed is:

1. A device for measuring impedance of a Kelvin connec-
tion to a circuit of interest and for injecting a test stimulus into
the circuit of interest, comprising:

afirst transformer having a primary winding and a second-
ary winding, wherein the secondary winding comprises
a first winding part having a first end and a second
winding part having a second end, the first winding part
connected to the second winding part via a center tap;

a first input device for receiving a Kelvin test input wave-
form, the first input device electrically coupled to the
primary winding;

a second input device for receiving the test stimulus, the
second input device electrically connected to the center
tap of the secondary winding;

first and second test leads for connection to the circuit of
interest, the first and second test leads electrically con-
nected to the first end and the second end, respectively,
of the secondary winding;

a sensing device electrically coupled to the primary wind-
ing, the sensing device operative to provide a measure-
ment corresponding to a contact impedance between the
first and second test leads based on impedance reflected
from the secondary winding to the primary winding in
response to application of the Kelvin test input wave-
form to the first input device and the test stimulus.

2. The device according to claim 1, wherein a turns ratio of
the first winding part is equal to a turns ratio of the second
winding part.

3. The device according to claim 1, wherein a turns ratio of
the first winding part is different from a turns ratio of the
second winding part.

4. The device according to claim 1, wherein the sensing
device comprises a resistor connected to the primary winding.

5. The device according to claim 1, wherein the first input
device comprises a driver amplifier electrically connected to
one end of the primary winding.

6. The device according to claim 1, wherein the first input
device comprises a switching device electrically connected to
one end of the primary winding.

7. The device according to claim 1, wherein the first input
device comprises a switching device configured to selectively
couple a first and second end of the primary winding to the
Kelvin test input waveform.

8. The device according to claim 1, further comprising a
waveform generator for generating the Kelvin test input
waveform, the waveform generator operatively coupled to the
first input device.

9. The device according to claim 8, wherein the waveform
generator is configured to generate two alternating wave-
forms out of phase from one another, and the first input device
provides one of the two alternating waveforms to a first end of
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the primary winding, and the other of the two alternating
waveforms to a second end of the primary winding.

10. The device according to claim 1, further comprising a
resistor electrically connected in series between the second-
ary winding and one of the first or second test leads.

11. The device according to claim 1, further comprising a
switching device having a switch portion and an enable por-
tion for controlling a state of the switch portion, the switch
portion being electrically connected in series between the
secondary winding and one of the first or second test leads to
selectively couple the secondary winding to the one of the
first or second test leads, and the enable portion being elec-
trically connected to an input of the first input device to
control the state of the switch portion.

12. The device according to claim 1, further comprising a
second transformer and a third transformer, the second and
third transformers each including a secondary winding with a
center tap,

wherein the center tap of the second transformer is electri-
cally connected to one end of secondary winding of the
first transformer and the center tap of the third trans-
former is electrically connected to the other end of the
secondary winding of the first transformer.

13. The device according to claim 1, further comprising:

a third test lead and a fourth test lead for connection to the
circuit of interest; and

a second transformer and a third transformer, the first,
second and third transformers each including a center
tap in the secondary winding, wherein

the center tap of the first transformer is electrically con-
nected to one end of the secondary winding of the second
transformer,

the center tap of the third transformer is electrically con-
nected to the other end of the secondary winding of the
second transformer,

a primary winding of the first transformer is electrically
connected to a primary winding of the third transformer,
and

the third and fourth test leads are electrically connected to
first and second ends, respectively, of the secondary
winding of the third transformer.

14. The device according to claim 1, further comprising a
comparator operatively coupled to the sensing device, the
comparator configured generate a signal indicative of the
measured impedance being at least one of above or below a
predetermined threshold.

15. A method for measuring contact impedance of a Kelvin
connection using at least one transformer having a primary
winding and a secondary winding, the method comprising:

connecting each end of the secondary winding to a respec-
tive contact of a contact pair for which the impedance is
to be measured;

applying a waveform to the primary winding;

sensing an impedance reflected from the secondary wind-
ing to the primary winding in response to the applied
waveform by sensing current flowing in the primary
winding in response to the applied waveform; and

correlating the reflected impedance to the contact imped-
ance.

16. The method according to claim 15, wherein sensing an
impedance includes sensing flow of current in the primary
winding in response to the applied waveform.

17. The method according to claim 16, further comprising:

comparing the sensed current flow to a predetermined
value; and

concluding the resistance of the contact pair is acceptable
or unacceptable based on the comparison.
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18. The method according to claim 15, wherein sensing the
reflected impedance includes sensing current flowing from a
center tap of the primary winding in response to the applied
waveform.

19. The method according to claim 15, wherein applying a
waveform includes applying a first alternating waveform to a
first end of the primary winding, and a second alternating
waveform to a second end of the primary winding.

20. The method according to claim 15, wherein applying a
waveform includes applying a single square-wave pulse to a
first end of the primary winding, and sensing the reflected
impedance includes sensing current flowing from a second
end of the primary winding.

21. The method according to claim 20, wherein the second
waveform is out of phase from first waveform.

22. A method of detecting a resistance imbalance between
two connections to a circuit of interest, the method compris-
ing:

coupling a secondary winding of a transformer to the cir-

cuit of interest;

injecting a test stimulus current at a center tap of the sec-

ondary winding;

concluding there is a resistance imbalance between the two

connections when a voltage across a primary winding of
the transformer exceeds a predetermined voltage.
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